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PLATES  18  TO  21. 
Many observations indicate that obstruction to the free communi- 
cation between the ventricular system of the brain and the subarach- 
noid space may cause internal hydrocephalus.  The obstruction with 
hydrocephalus has been found either at the foramen of Magendie or 
in the aqueduct of Sylvius or, in some instances of unilateral hydro- 
ceph~alus, at the foramen of Monro. 
Cases of hydrocephalus following cerebrospinal meningitis in which there was 
occlusion  of  the  foramen  of  Magendie  have  been  reported  by  Quincke  (I), 
Baskett  (2),  Bramwell  (3), and others.  Neurath  (4)  reported a  case  following 
scarlet fever in which there was  a  leptomeningitis with  obstruction  to  the  fora- 
men of Magendie.  Spiller  (5)  describes  a  case  of hydrocephalus  in  which the 
aqueduct  of  Sylvius  was  completely occluded  by  a  proliferation  of  neuroglia; 
in  the  same  communication  he  describes  a  case  of  unilateral  hydrocephalus  in 
which there was occlusion of the foramen of Monro on the same side by a  mass 
of tissue which he thought was of a  tuberculous nature.  Schlapp and  Gere  (6) 
have  reported  two  cases  of  internal  hydrocephalus  in  which  the  aqueduct  was 
closed by proliferation of neuroglia.  Barnes  (7)  reported a  case in which there 
was  a  tubercle in the  roof of the  fourth  ventricle completely blocking the  fora- 
men of Magendie.  Merkel  (8)  and GoldStein  (9)  have reported cases of hydro- 
cephalus in which blocking of the outflow of fluid was brought about by cysticerci 
within  the  aqueduct  of  Sylvius.  Tumors  not  infrequently cause  closure of  the 
aqueduct  and  are  accompanied  by  hydrocephalus;  cases  of  this  kind  have  been 
reported by Ouincke  (I)  and  Bonhoeffer  (IO). 
Within the past year three cases of brain tumor in which the aque- 
duct was closed have come to autopsy at the Washington University 
Hospital.  In all of them there was a well marked dilatation of the 
lateral ventricles. 
Although the clinical and pathological aspects  of internal hydro- 
cephalus  have been the  subject  of much study,  no  effort has  been 
made to  explain  the  pathogenesis  of  the  condition by  experiment. 
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In the literature  I  found only one instance  in which an attempt  was 
made to reproduce  the lesion  experimentally. 
Burr and McCarthy  (II)  report a  case  that clinically resembled meningitis, 
but at autopsy no meningitis was found.  There was a moderate degree of inter- 
nal hydrocephalus with proliferation of the glia and ependymal cells  in the lat- 
eral ventricles, proliferation of the interstitial tissue in the choroid plexus with 
partial encapsulation of the plexus, hyaloid bodies,  and lymphoid cell infiltration. 
There was infiltration of the perivascular lymph spaces  about the blood vessels 
beneath the ependyma with lymphoid cells, and dilatation and congestion of these 
vessels.  From  the  fact  that  the  changes  were  limited  to  the  ventricles they 
thought it possible that a  toxic substance in the cerebrospinal fluid might have 
caused the reaction.  In order to prove this view they injected toxic substances, 
such as urine and tuberculin, into the lateral ventricles of kittens.  The reaction 
in the ependyma, the  swelling of the glia,  and the round cell infiltration of  the 
blood vessels were  quite similar to  the changes observed in the case  described. 
There was,  however, no dilatation of the ventricles. 
The  following experiments  were undertaken  to determine  if it  is 
possible to cause an obstruction to the outflow of the fluid by plug- 
ging the  aqueduct or  foramen  of Magendie  and  to produce hydro- 
cephalus  by  injecting  some  insoluble  substance  into  the  ventricle. 
Aleuronat  was chosen  for this  purpose;  it  is  a  finely granular  sub- 
stance  insoluble in  the body fluids  and  produces  a  well marked  in- 
flammatory  reaction.  Dogs were used in all the experiments. 
TECHNIQUE. 
The  dog  was  etherized,  the  head  shaved,  and  a  longitudinal  in- 
cision  was  made  in  the  median  line  over the  parietal  bones.  The 
temporal  muscle was cut across near  its  origin  and  separated  from 
the surface of the bone.  A  small button of bone five millimeters  in 
diameter  was  removed with  a  trephine  at  a  point  about one centi- 
meter behind a  line  drawn  over the vertex  of the  skull joining the 
anterior  margins  of  the  ears  and  about  two  centimeters  from  the 
median line.  On account of the difference in size of the animals and 
the shape of the heads it is impossible to lay down a  hard  and  fast 
rule by which this point may be found.  The hemorrhage  if excess- 
ive was controlled with bone wax.  The dura was punctured with a 
sharp needle or with the point of a knife.  For puncturing the ven- 
tricle a  blunt  needle with a  lateral  opening  near  the end  was  used. 
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until penetration into the ventricle was indicated by the flow of cere- 
brospinal fluid.  The depth to which the needle must be inserted in 
order to reach the ventricle varies, of course, with the size of the 
dog, being as a  rule between one and a  half and two centimeters. 
After a few drops of cerebrospinal fluid were allowed to escape, the 
aleuronat suspension  1 was injected by means of a small Luer syringe 
connected directly with the needle while it lay in position with its tip 
in  the  ventricular  cavity.  The  needle  was  withdrawn,  and  the 
muscle and skin were closed with silk.  At the death of the animal 
the brain was hardened in situ  by injecting IO per cent.  formalin 
into the carotid arteries. 
For purposes of description the experiments may be divided into 
groups depending on the length of time the animals lived after the 
operation.  The experiments are  described briefly to  show the  re- 
lation between symptoms during life, the gross changes in the ven- 
tricles of the brain, and the stage of the inflammatory process affect- 
ing the ependyma.  2 
GROUP  I.  EXPERIMENTS  LASTING  LESS  THAN  ONE  WEEK. 
Dog 6.---2 c.c.  of the aleuronat  suspension  were injected into the  right lateral 
ventricle.  The  animal  appeared  sick  the  next  day,  seemed  to  be  in  pain,  and 
was unable to stand.  On the  following day there was  some improvement, but it 
was  still  unable  to  stand.  It  was  killed  with  chloroform  at  the  end  of  the 
third  day. 
Gross Examination.--The aleuronat suspension  was  found in both lateral ven- 
tricles; the third and fourth ventricles and the aqueduct of Sylvius were plugged 
with the aleuronat.  There was a  small hemorrhage  in the optic thalamus  on the 
right  side  and  some blood  in the  right  lateral ventricle.  This  hemorrhage  was 
undoubtedly  due to the insertion of the needle beyond  the ventricle.  There  was 
no dilatation of the ventricles. 
Microscopic  Examiuation.--There  is  an  abundance  of  aleuronat  surrounded 
by polynuclear leucocytes in both  lateral, the third  and  fourth ventricles,  and  in 
the  aqueduct  of  Sylvius.  The  chorold  plexus  is  edematous  and  is  infiltrated 
1 The  aleuronat  was  suspended  in starch.  It was  prepared  as  follows: 
Aleuronat  ..............................................  5.0 
Starch  ..................................................  1.5 
Water  ..................................................  75.0 
The starch was placed in cold water; this was slowly brought to the boiling point 
and  the  aleuronat  added  and  thoroughly  mixed.  The  mixture  was  sterilized  in 
the autoclave. 
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with  immense numbers  of  polynuclear leucocytes.  There  is  some  proliferation 
of the ependymal cells lining the ventricular cavities and a  slight swelling of the 
neuroglia beneath the ependyma.  The walls of the blood vessels situated beneath 
the  ependyma and  for  some distance in the brain substance  are infiltrated with 
polynuclear leucocytes. 
Dog  z4.---o.75 c.c.  of  the  aleuronat  suspension  was  injected  into  the  right 
lateral ventricle.  The dog appeared well until the third day when  the head was 
seen to be hyperextended and the legs spastic.  Death occurred on the fifth day. 
Gross Examination.--There  was a  small hernia of cerebral tissue through the 
opening in  the  dura,  which  extended to  the  outer  surface  of  the  skull.  There 
was hemorrhage and exudate at the base of the brain and about the medulla and 
extending into  the  spinal canal.  On  section the  lateral ventricles were  slightly 
dilated.  The  foramen  of  Monro  on  the  right  side  was  closed with  aleuronat. 
Both  lateral, and  the  third and the  fourth  ventricles were  filled with  the" aleu- 
ronat.  The aqueduct of Sylvius was clear. 
Microscopic  Examination.--All  the  ventricles  contain  a  large  amount  of 
aleuronat surrounded  by polynuclear leucocytes.  The  ependymal cells are  pro- 
liferated, and there is an accumulation of lymphoid cells beneath the ependyma; 
the walls of the blood vessels show the same infiltration with polynuclear leuco- 
cytes.  In the pia at the base of the brain and on the surface of the pons, medulla, 
and cord there are large numbers of polynuclear leucocytes; there is a  small bit 
of the aleuronat on the posterior surface of the medulla. 
Dog 26.--1  c.c.  of the aleuronat was  injected into the  right lateral ventricle. 
On  the  Second day the  dog appeared quite ill;  pressure over the  scalp was  ob- 
viously painful.  On the third day the animal was unable to stand and there was 
a  paralysis of the left side of the body.  On the fourth day there was a  definite 
cellulitis of the scalp.  The animal was killed with chloroform at the end of the 
fourth day. 
Gross Examlnatlon.--On  section both lateral ventricles were slightly dilated; 
they measured 13 by IO ram. at the level of the infundibulum.  Alenronat could 
be seen in the right lateral and the third ventricles.  The aqueduct was patent. 
Microscopic  Examination.--The  right  lateral  ventricle  contains  some  blood 
and many polynuclear cells.  Polynuclears are seen in the  choroid plexus in  all 
the ventricles, and  there are  a  few  large mononuclear  cells.  Small bits of  the 
aleuronat  are  present  in  all the  ventricles,  more  in  the  right  lateral ventricle 
than elsewhere. 
In  these experiments  there  is very  slight dilatation of the  ventri- 
cles.  In  each  instance  the  exudate  is  composed  almost  entirely  of 
polynuclear  cells.  The  walls  of  the  blood  vessels  are  infiltrated 
with the same cells.  In dog  14 there was  an acute meningitis prob- 
ably due  to  the  irritation  caused  by  aleuronat  which  had  found  its 
way  into the subarachnoid  space through  the  foramen  of Magendie, 
though  possibly by  an  infection.  The  picture  is  one  of  an  acute 
inflammation. 
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tricle  finds  its  way  into  the other ventricles.  Masses  of  the  sub- 
stance may plug the aqueduct of Sylvius (dog 6)  or the foramen of 
Monro  (dog  14). 
GROUP  II.  EXPERIMENTS  ENDING  BETWEEN  THE  SEVENTH  AND 
FOURTEENTH  DAYS. 
Dogs  21,  22,  and  24.--Puppies  of  the  same  litter  one  week  old.  The  needle 
was  inserted at  the usual  point  in  the  direction  of  the ventricle and  0.25  c.c.  of 
the  aleuronat  suspension  was  injected.  In  none of  the  experiments  was  it  cer- 
tain  that  the  ventricle  had  been  punctured.  All  the  puppies  appeared  normal 
after  the  operation.  No.  21  died  ten  days  after  the  injection.  Nos.  22  and  24 
died  on the twelfth day.  Dog 23, which belonged to the same  litter,  died  thirty- 
eight  days  after  the  injection and  is  described  in group  IV.  Since  the  changes 
in  Nos.  21,  22,  and  24  were  practically  the  same,  one  description  will  answer 
for  all. 
Gross Examination.--Considerable  dilatation of the ventricles; at the level of 
the optic commissure the lateral ventricle varied  from 6 by 8  mm. to IO by I0 ram. 
on  the  right  side,  and  on  the  left  from  3  by  4  to  5  by  7  ram.  The  aleuronat 
was  seen  in  both  lateral  ventricles.  The  foramen  of  Monro  on  the  right  side 
where  dilatation  of  the  ventricle  is  greater  in  each  instance  was  plugged  with 
aleuronat;  the aqueduct  of  Sylvius  was  patent  throughout. 
Microscopic  Examination.--The  choroid plexus in the lateral ventricle  (more 
marked in the right)  is covered  with aleuronat and  an exudate  composed  of im- 
mense  numbers  of  small  and  large  mononuclear  cells;  there  is  proliferation  of 
connective tissue  cells  from  the  choroid,  and  here  and  there  a  giant  ceil.  The 
cells  of  the ependyma  are  proliferated  and  in  many places  form  several  layers; 
they  have  a  tendency  to  assume  a  columnar  shape  instead  of  the  normal  low 
cuboidal  cell.  The  walls  of  the  blood  vessels  beneath  the  ependyma  are  infil- 
trated with small mononuclear cells.  The choroid plexus  in the  fourth ventricle 
shows  some proliferation of  the ependymal  cells and a  moderate  degree of  infil- 
tration with lymphoid and polynuclear cells. 
In  these  experiments  the  dilatation  of  the  ventricles is  distinct. 
The  inflammation  is  more  advanced  than  in  group  I;  there  are 
lymphoid and  large  mononuclear cells  and  some proliferation  of 
the connective tissue cells  in the  choroid plexus;  polynuclear cells 
are still present in large numbers. 
GROUP III.  EXPERIMENTS  ENDING  BETWEEN  THE  FOURTEENTH  AND 
TWENTY-EIGHTH  DAYS. 
Dog  2.--2  c.c.  of  the aleuronat suspension  were  injected  into  the  left  lateral 
ventricle.  The  dog  was  killed  on  the  nineteenth  day  and  the  brain  hardened 
in situ. 
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ventricles,  the  third,  and  to  a  slight  extent  the  fourth.  The lateral  ventricles at 
the point of greatest dilatation measured  12 by 6  mm.  A  small bit of the aleuro- 
nat  was  seen in the descending horn  of the  left lateral  ventricle. 
Microscopic Examination.--The floor of the third ventricle shows a  prolifera- 
tion of the glia and an  accumulation of lymphoid cells, plasma  cells, large mono- 
nuclear cells, and giant cells.  In the aqueduct  there  is a  small bit of the aleuro- 
nat  surrounded  by the same cells,  the proliferation  of ependyma is well marked. 
The  choroid  plexuses  in  the  lateral ventricles are  infiltrated  with  lymphoid  cells 
and  there  is  proliferation  of  the  connective tissue;  that  in  the  fourth  ventricle 
appears  normal. 
Dog 9.--1  c.c.  of  the  aleuronat  suspension  was  injected  into  the  right  lateral 
ventricle.  The  animal  behaved  normally  until  the  temh  day  when  it  became 
inactive and  looked sick;  the hind legs were held  stiffly in  walking, and  manipu- 
lation  of  the  legs  was  met  with  resistance  suggestive  of  muscle  spasm;  this 
resistance  to  motion  had  increased  somewhat  on  the  fifteenth  day,  and  then 
remained  about  the  same  until  death  ori  the  twentieth  day.  Evidence  that  the 
brain tissue was under pressure was afforded by a  hernial protrusion  of the cere- 
bral  tissue  through  the  trephine  opening.  The  cerebellum,  moreover,  projected 
through  the  foramen  magnum  and  there  was  a  well defined groove at  the  point 
where the bony margin of the  foramen was  in contact with the cerebellar tissue. 
On  section  of  the  brain  at  the  level of  the  optic  commissure  there  was  a  well 
defined dilatation  of the lateral ventricles, the  right  measuring  6  by  IO mm.,  the 
left  io  by  I5  mm.;  the  third  and  fourth  ventricles  were  not  dilated  and  the 
aqueduct  of  Sylvius  was  patent.  No  exudate  could  be  seen  on  gross  examina- 
tion.  The  ophthalmoscopic  examination  made  shortly  before  death  showed  a 
choked  disc  on  both  sides.  Figure  I  is  from  a  normal  brain  for  comparison; 
figure 2  is  from  the brain  of  dog 9. 
Microscopic  Examination.--There  is  some  proliferation  of  the  ependymal 
cells lining the ventricles; the choroid plexus  (figure  IO)  in the lateral and  third 
ventricles has  aleuronat imbedded in its folds and  surrounded  by small and large 
mononuclear  cells,  connective tissue  cells,  and  a  few giant  cells.  In  the  fourth 
ventricle  there  are  a  few  small  mononuclear  and  polynuclear  cells.  There  is 
marked  proliferation  of  the  ependymal  cells  lining  the  aqueduct  of  Sylvius 
(figure II), and the blood vessels under the ependyma show the same infiltration 
with  small mononuclear cells as  that  described  above. 
Dog Io.--1  c.c. of the aleuronat  suspension  was  injected into the  right lateral 
ventricle.  There was  at first some stiffness of the legs and  on the sixteenth  day 
there  was  what  appeared  to  be spastic  paraplegia.  The  eyes  were  clear  hut  the 
animal  appeared  to  be blind.  It  died  on  the  eighteenth  day. 
Gross  Examination.--At  the  site  of  puncture  the  cerebral  tissue  protruded 
through  the  trephine  opening  for  a  distance  of about  four  millimeters.  The 
cerebellum  shows  a  groove corresponding  to  the  edge of the  foramen  magnum. 
On  section both  lateral  ventricles were  dilated,  the  left measuring  8  by  IO mm., 
the right 5 by 7  mm.  The right  foramen of Monro  was  plugged with  aleuronat. 
There  was  no  dilatation  of the  third  ventricle.  The  fourth  ventricle was  com- 
pressed.  The aqueduct  of  Sytvius was  closed. 
Microscopic Examination.--The  choroid  plexus  in  the  right  lateral  ventricle 
is  distorted  and  thickened;  there  is  a  mass  composed  of  connective tissue  cells, 112  Experimental  Hydrocephalus. 
large mononuclear cells,  lymphoid cells,  and some giant cells.  In the left lateral 
ventricle the choroid plexus shows no change except slight edema.  In the walls 
of the right ventricle the walls of the blood vessels are infiltrated with lymphoid 
cells  in  considerable  numbers  (figure 9);  this  change  is  not  seen  to  the  same 
extent  on  the  left  side.  The  aqueduct  of  Sylvius  is  completely  plugged  with 
aleuronat, necrotic tissue,  lymphoid cells, and connective tissue  cells. 
Dog I5.--I c.c. of the aleuronat suspension was injected into the right lateral 
ventricle.  The dog remained well until  the twentieth  day when it appeared  ill; 
it gradually grew worse and died on the twenty-fifth day. 
Gross Examination.--Bo~h lateral  ventricles  were  dilated  (figure  3);  they 
measured  about  IO ram.  in diameter  at  the  level  of the  hypophysis.  The third 
ventricle, the anterior part of the aqueduct of  Sylvius, and the  fourth ventricle 
were  slightly dilated.  The aqueduct  was patent  throughout.  The  foramina  of 
Monro appeared  to be open. 
Microscopic  Examination.--The  choroid  plexus  in  the  lateral  ventricle  is 
thickened.  There is infiltration  of lymphoid, large mononuclear,  and  connective 
tissue cells.  The walls of the blood vessels are infiltrated  with lymphoid cells. 
Dog I7.--o.75 c.c. of aleuronat  suspension  was  injected  into the  right lateral 
ventricle.  The animal  remained  well  for two weeks,  then began to lose weight, 
became inactive  and gradually sank into a  comatose condition.  Death  occurred 
on the twenty-third day after operation. 
Gross Examination.--Both lateral ventricles were dilated  (figure 4), the right 
measuring 6 by 4 ram., the left 9 by IO ram.  The aqueduct of Sylvius was patent 
and  apparently slightly dilated;  the third  ventricle was not dilated,  nor was the 
fourth.  The  foramen of Monro on  the  right  side  was  occluded. 
Microscopic. Examination.--The  choroid  plexus  of  the  lateral  ventricle  is 
thickened and infiltrated with small and large mononuclear cells  and a  few giant 
cells; there is marked proliferation of the glia beneath the ependyma  (figure 12) 
and of the ependymal cells.  No polynuclear cells  are  seen except  in the  fourth 
ventricle where  there  are a  few in the choroid plexus. 
In this group of experiments  the signs of acute inflammation have 
entirely  disappeared  and  there  is  more  marked  increase  of  connec- 
tive tissue  in the  chloroid  plexus;  plasma  cells  occur in considerable 
number.  There  is  a  greater  proliferation  of  ependyma. 
The  animals  remained  well  during  the period  from ten  to twenty 
days and  displayed  symptoms  suggesting cerebral  pressure.  In one 
instance  the occurrence of choked  disc was  demonstrated.  Further 
evidence of increased intracerebral  pressure  was furnished by hernial 
protrusion of the brain substance through the trephine wound and by 
projection  of  the  cerebellum  into  the  foramen  magnum.  These 
changes  were  explained  by  well  marked  internal  hydrocephalus 
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GROUP  IV.  EXPERIMENTS  OF  DURATION  LONGER THAN  TWENTY- 
EIGHT DAYS. 
Dog  I9.--Puppy  five  weeks  old.  In  puncturing  the  brain  no  cerebrospinal 
fluid was  obtainable,  o.5  c.c.  of the  aleuronat  suspension  was  injected  with  the 
needle in the position at which the ventricle was usually  found.  The dog recov- 
ered readily and appeared  to be well.  On the thirtieth  day a  second attempt  was 
made.  Again  it  was  impossible  to  obtain  cerebrospinal  fluid.  0.5  c.c.  of  the 
aleuronat  was  injected.  Sixteen  days  later  a  third  puncture  was  made,  i  c.c. 
of  cerebrospinal  fluid  was  removed  and  o.25  c.c.  of aleuronat  injected.  On  the 
following  day  the  dog  was  very  restless;  on  the  next  day  he  was  unable  to 
stand,  the eyes were staring,  and the head was jerked to the right at short  inter- 
vals.  Both  lateral  ventricles were  tapped,  and  1.5  c.c.  of  fluid  were  withdrawn 
from  each.  Fluid  from  the  right  was  turbid  and  contained  many  polynuclear 
cells.  Fluid from the left was clear and colorless.  The next day the animal was 
much  better  and  was  able to  walk,  the  eyes remained  staring,  and  the upper  lip 
contracted  spasmodically.  Examination  of the eyes showed  well marked  choked 
disc on both sides.  The animal was killed with chloroform thirty  days  after  the 
last puncture  and three months and seven days  after the first operation. 
Gross Examination.--Both  lateral ventricles were dilated.  The anterior horn 
of the right  lateral  ventricle was  more  widely dilated  than  that  of  the  left  and 
measured  12  cm.  in  diameter,  while the  posterior  and  descending  horns  of  the 
left  were  greater  than  the  right,  the  greatest  diameter  being  2o  ram.  The  an- 
terior  horn  of the right  ventricle was  divided by  thin  friable  septa into  several 
small  compartments  filled with  a  semifluid  opaque  material.  The  left  ventricle 
did not have these septa  and  was  filled with colorless fluid.  The third  ventricle 
was not dilated. 
Microscopic  Examinat~on.--The  choroid plexus  on the right  side is thickened 
with  connective  tissue  and  there  is  some  proliferation  of  the  ependyrnal  cells. 
There  is  some  granular  detritus  in  the  folds  of  the  choroid  plexus  and  many 
large mononuclear cells containing a light brown pigment.  The ependymal lining 
of  the  ventricles  consists  of  a  single  layer  of  flattened  cells.  In  the  choroid 
plexus there are a  great many large mononuclear  cells con'taining brown pigment 
granules. 
Dog 2o.--Puppy  five weeks old from the same litter  as No.  19.  On puncture 
cerebrospinal  fluid  was  not  obtained.  0.5  c.c.  of  the  aleuronat  suspension  was 
injected into the right side.  The animal appeared  quite well following the opera- 
tion.  On the thirtieth  day after  the  first operation  the  ventricle was  punctured, 
some of the fluid withdrawn,  and o.25  c.c.  of aleuronat  was  injected.  Seventeen 
days  later  o.25  c.c.  was  injected  into  the  right  ventricle.  On  the  following day 
the hind legs were rigid, the dog was unable to  stand,  and the eyes were staring, 
exhibiting  some  exophthalmus.  Death  on  the  second  day  following  the  last 
operation was  fifty-two days  after the first. 
Gross  Examination.--There  was  a  small  cerebral  hernia  at  the  site of  punc- 
ture.  On  section  the  ventricles were greatly dilated  (figure  5),  the  right  meas- 
uring  8  by  IO ram.  at  the  level of  the  optic  commissure,  the  left  13  by  18  ram, 
The greatest  dilatation  was  seen  in the  descending  horns,  the  left measuring  Io 
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septa  dividing the  ventricle into  several  compartments.  The  third  and  fourth 
ventricles were not dilated.  The aqueduct of  Sylvius was  patent throughout. 
Microscopic Examination.--The  right lateral ventricle contains a  large quan- 
tity of  exudate made up chiefly  of polynuclear cells.  This  acute  inflammation 
seems  to  be  superimposed  on  one  of  a  more  chronic character  in  which  the 
choroid  plexus is thickened by connective tissue cells  infiltrated with  lymphoid 
and large  mononuclear cells.  The blood vessel.s in the  walls of  the  right ven- 
tricle are infiltrated with lymphoid cells,  large mononuclear cells,  and ia  places 
with  polynuclears.  The  choroid  plexus  in the  third  and  left  lateral  ventricles 
appears  normal;  that  in  the  right  l~teral  ventricle is  thickened  by  connective 
tissue.  The ependymal ceils  have practically disappeared  and there are a  great 
many polynuclear cells in the plexus and infiltrating  the walls of the blood vessels 
in the walls of the ventricles.  The proliferation of ependyma is well shown in 
the aqueduct of  Sylvius where there  is  also an apparent i~crease in neuroglia. 
The choroid plexus in the  fourth ventricle is somewhat edematous. 
Dog z3.--Puppy from the  same litter as group II.  The animal died  thirty- 
eight days after operation. 
Gross Examination.--Both  ventricles  were  dilated,  the  right  slightly more 
than the left; it measures 8 by Io mm. at the level of the optic commissure.  In 
the posterior horn of the right lateral ventricle there  was  a  cavity in the  brain 
substance I2 ram. i~n diameter, extending to within 2 mm. of the cortex; this was 
connected with  the  ventricle by an opening about 7  ram.  in diameter.  It  was 
presumably the  site  of  puncture and the  aleuronat,  doubtless injected into the 
brain substance, by destruction of  the  brain tissue gained entrance to  the  ven- 
tricle.  The cavity contained a small amount of semifluid pus-like material.  The 
third and fourth ventricles were not dilated.  The aqueduct of Sylvius was patent. 
Microscopic E.xamiuation.--A  section through  the  wall of the  cavity shows 
the picture of brain softening; there  is a  loose  network containi~ng degenerated 
cells  and  many compound granular corpuscles,  some  of  which  contain brown 
pigment granules.  The  wall of the  ventricle is  infiltrated with  lymphoid cells. 
The choroid plexus is infiltrated with lymphoid and large mononuclear cells  and 
in places  with small hemorrhages surrounded by polynuclear cells. 
Dog 38.---Puppy  two days old.  A  few drops of aleuronat were injected into 
the  right hemisphere in the region of  the ventricle.  Death occurred sixty days 
after the operation. 
Gross Examination.--The  right ventricle showed enormous dilatation (figure 
5), measuring I8 by 20 ram. in diameter at the level of the hypophysis.  The left 
ventricle  showed  no  dilatation.  The  aqueduct  of  Sylvius  was  patent.  There 
was no dilatation of the third or  fourth ventricles. 
Microsco2ic Examination.--A  section of the wall of the right ventricle shows 
slight infiltration with lymphoid cells  and the neuroglia is  somewhat increased. 
There is no proliferation of the ependyma except in the aqueduct. 
All  the  dogs  in  this  group  were  very  young  puppies.  In  none 
of  them  was  it  certain  at  the  time  of  operation  that  the  ventricle 
was  punctured.  In  this  group  the  animals  lived  more  than  four 
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microscopic changes differ very little  from those found in the pre- 
ceding group.  In No. 2o there is an acute inflammation following 
the last injection which was made only two days before death. 
In the experiments of group I  in one instance  (dog 6)  the aque- 
duct of Sylvius, and in another the foramen of Monro was plugged 
with  aleuronat.  In group  II  in  every instance  with  well  marked 
dilatation the right foramen of Monro was plugged.  In group III 
in dog IO the aqueduct of Sylvius was completely plugged with aleu- 
ronat and newly formed tissue and there was well marked dilatation 
of the ventricles.  In  dog  17  the  foramen of  Monro on the right 
side was plugged.  It has not been possible to determine with cer- 
tainty the condition of the foramen of Magendie, but proliferation 
of tissue in the roof of the fourth ventricle and elsewhere has sug- 
gested the possibility of occlusion by newly formed tissues.  A more 
accurate method of  determining the  patency of  this  opening  was 
desirable. 
It was thought that the injection of a pigment into the ventricles 
of dogs with hydrocephalus would make it' possible  to determine if 
fluid  no  longer  passed  through  the  foramen of  Magendie.  For 
this purpose black India ink was used in a  dilution of one part to 
four parts  of water.  The following experiment was done on nor- 
mal animals. 
One cubic centimeter of the suspension of the India ink was in- 
jected under ether into the left lateral ventricle of three normal dogs 
(Nos.  32,  33,  and 34)-  They were killed with chloroform at the 
end of one, one half, and one quarter hours, and the brains hardened 
in situ by formalin injected into the carotid artery.  On examina- 
tion the ink,  fixed in position by the formalin, was  found in large 
quantities in the pia arachnoid at the base of the brain, being more 
abundant  around the base  of  the  cerebellum in  the  region of  the 
foramen of  Magendie than  elsewhere, but  in  all  three brains  the 
pigment was seen extending over the cerebral hemispheres.  There 
were well defined differences dependent upon the  duration, of the 
experiment.  Pigmentation was  most  intense in  the dog that  had 
been allowed to live one hour, slightly less in the one living one half 
hour,  and  less,  but  still  very distinct,  in  the  third living only one 
quarter  hour  after the  injection.  In  the  third  animal  there  was 116  Experimental Hydrocephalus. 
almost no pigment over the upper half of the cerebral hemispheres. 
The pigment was confined to the subarachnoid space, and on tearing 
away the pia arachnoid the brain was left quite clean.  On section 
the pigment was seen distributed throughout the ventricular system 
in all the brains.  On microscopic examination the pigment in the 
ventricles was attached to the ependymal cells,  and in no place was 
it  found beneath the ependyma.  The experiment offers a  method 
of demonstrating the gradual flow of cerebrospinal fluid  from the 
ventricles  of  the  brain  into  the  subarachnoid  space  through  the 
foramen of Magendie. 
In the following instances the same experiment was  carried out 
on dogs in which hydrocephalus had previously been produced by 
injection of aleuronat. 
Dog 8.--1.5 c.c.  of the aleuronat suspension  were injected into the right lateral 
ventricle.  The  animal  recovered  readily  and  remained  well  for  four  months. 
Under ether the left side of the skull was  trephined  and  after drawing off about 
I  c.c.  of  cerebrospinal  fluid  I  c.c.  of  the  suspension  of  India  ink  was  slowly 
injected.  One half hour  later the  dog was  killed. 
Gross Examination.--The surface of the brain  is clear and white, none of the 
ink being visible.  On section the lateral ventricles are dilated  equally  (figure 7) 
and  measure about  12  mm.  in diameter.  The left lateral ventricle, the  third  and 
fourth  ventricles, and  the aqueduct  of Sylvius contain the ink,  but  there  is none 
in the right lateral ventricle.  The  foramen of Magendie is readily made out but 
seems  to be closed by a  thin  web-like membrane. 
Microscopic  Examination.---In  section,s  through  the  fourth  ventricle  at  the 
site of the  foramen  of Magendie  there  is  marked  proliferation  of  ependyma  on 
the floor of ttie ventricle and a  fine network of neuroglia covering the ependyma 
and  containing  within  the  meshes  some  large  mononuclear  cells.  The  roof  of 
the ventricle is  composed  of  choroid  plexus  arising  from  each  side  of the  pons 
and  joined  in  the  center  by  thin  strands  of  connective tissue  containing  a  few 
small  blood  vessels.  The  plexus  itself  appears  edematous,  but  otherwise  is 
normal.  These  changes  occur  at  the  level of  the  foramen  of  Magendie  which 
is apparently  closed by the  connective tissue. 
Dog zz.--I c.c. of the aleuronat  suspension  was  injected into  the  right lateral 
ventricle.  The  dog  lived  for  four  months  and  eight  days  and  was  then  killed 
with  chloroform,  one  half  hour  after  injecting  I  c.c.  of  the  diluted  India  ink 
into the left lateral ventricle. 
Gross Examination.--There was  a  small amount  of the  ink in  the  pia  at  the 
base  of the brain,  but  much  less  than  that  found  fifteen minutes  after  injection 
of  ink  into  the  ventricle of  the  normal  dog  already  mentioned.  There  was  no 
evidence  of great  pressure,  no  cerebral  hernia,  nor  jamming  of  the  cerebellum 
into  the  foramen  magnum.  On  section  both  lateral  ventricles  were  dilated 
equally,  measuring  about  12  by  15  mm.  at  the  level of  the  hypophysis.  In  the Walter  S.  Thomas.  117 
posterior horn  of the right lateral ventricle was a  thin  septum  of  friable tis,sues. 
The left lateral ventriele and the third ventricle were filled with ink.  There was 
none  in  the  right  ventricle.  The  anterior  end  of  the  aqueduct  of  Sylvius  was 
very  much  narrowed,  while  the  posterior  end  was  dilated.  The  roof  of  the 
fourth  ventriele was  aecidentally  torn  in  the  examination,  making  it  impossible 
to determine  whether  it was  closed or not. 
Microscopic  Examination.--There  is  some  pro]iferation  of  the  neuroglia  in 
the right ventricle.  The  ventricles are  lined by a  single layer of flattened  cells. 
In  the  left  ventricle  the  pigment  is  seen  attached  to  the  lining  cells.  In  the 
aqueduct  of  Sylvius  there  is  proliferation  of  the  ependyma  and  occasionally a 
small  nodule  covered  by  ependyma  resembling  closely  those  seen  in  granu!ar 
ependymitis. 
Dog 25.--I  e.e. of aleuronat suspension  was injected into the right lateral ven- 
tricle.  Sixty-eight days  after  the operation  I  e.c. of India ink was  injected into 
the  left  lateral  ventricle  and  one  half  hour  later  the  dog  was  ldlled  with 
chloroform. 
Gross Examination.--There was  no  ink on  the  surface  of the brain  and  none 
at  the  base.  On  section  both  lateral  ventricles were  dilated;  the  left measured 
IO by  IO ram.  at  the  level of  the  infundibulum,  and  the  right  at  the  same  level 
was  much  larger,  measuring 22 by  I5 ram.  The  dilatation  was  more  marked  in 
the  descending  horn  but  was  considerable  throughout.  The  ink  was  found  in 
the left lateral,  the third,  and  the  fourth ventricles, but none  was  present  in  the 
right.  The  aqueduct  of  Sylvius  was  narrowed  but  patent.  The  foramen  of 
Magendie was  closed by a  very thin  membrane. 
Microscopic Examination.--The lateral  ventricles are  lined  by  a  single  layer 
of flattened ependymal  cells.  There is some increase in the neuroglia and  occa- 
sionally  there  is  a  small  granulation  similar  to  those  seen  in  the  aqueduct  of 
Sylvius in the preceding case.  In the aqueduct  of Sylvius there is some increase 
in  the  neuroglia  and  proliferation  of  ependyma.  The  India  ink  is  readily  seen 
in the aqueduct and  fourth ventricles.  A  section through  the roof of the  fourth 
ventricle  shows  that  the  foramen  of  Magendie  is  closed  by  a  thin  connective 
tissue  membrane  similar to that  found  in the preceding  experiment. 
Dog 37.--No  eerebrospinal  fluid could  be  obtained  on  puncture,  but  o.75  e.e. 
of the  aleuronat  was  injected  into  the left  cerebral  hemi,sphere  with  the  needle 
held  in  the  position  at  which  the  ventricle  was  usually  found.  Sixty-six  days 
afterwards  I  c.e. of the India ink was  injected into the left lateral ventricle and 
a  half hour later the animal was  killed. 
Gross  Examination.--A  small  amount  of  the  ink  was  found  at  the  base  of 
the brain,  but there was none on the surface of the cerebrum or cerebellum.  On 
section  both  lateral  ventricles  were  found  moderately dilated.  The  anterior 
horns  were  but  little affected  and  the body  of  the ventricles at  the  level of the 
posterior  edge  of  the  hypophysis  measured  8  by  8  ram.  The  posterior  horns 
were  moderately  dilated.  The  left  lateral  ventricle was  filled with  the  ink and 
there  was  a  very  small  bit  in  the  right  lateral  ventricle  and  in  the  third  and 
fourth  ventricles.  A  section  through  the  optic thalamus  shows  a  small  yellow 
area in its  center. 
Microscopic  Examlnation.--The  ependyma  of  the  left  ventriele  shows  pro- 
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mononuclear  cells  bearing yellow  pigment  are  seen in  the  choroid  plexus.  The 
lining of the ventricle is covered with the ink.  In the optic thalamus is an area 
in  which  the  brain  substance  is  destroyed  and  replaced  by  compound  granular 
cells  embedded  in  a  fine  network.  This  is  undoubtedly  the  site  of  an  injury 
caused  by the  needle.  A  section  through  the  wall  of  the  right ventricle  shows 
no  abnormality. 
Dog 42.---o.75 c.c. of the aleuronat was injected into the right lateral ventricle; 
forty-seven  days  later  z  c.c.  of  the  India  ink  was  injected  into  the  left  lateral 
ventricle, and one half  hour later the animal was  killed. 
Gross Examination.--The entire  surface  of  the  brain was  clean,  no  trace  of 
the ink being seen.  On  section the ink was  found only in the ventricle injected 
(figure 8).  The  right lateral ventricle measured  I5  ram. in diameter at the level 
of  the .infundibulum,  while  the  right  measured  Io  ram.  The  descending  horns 
were more  widely dilated,  the right measuring 20 ram.  from above  downward. 
Microscopic  Examination.--The  right  ventricle  is  lined  by  a  loose  network 
of  neuroglia  which  is  apparently  edematous;  the  ependyma  occurs  as  a  single 
layer of flattened cells.  The choroid plexus is thin in places and has the appear- 
ance of  being stretched out;  in one  area  there is  nothing but a  long double  line 
of  flattened cells,  and in another area there is  merely a  line of  connective tissue 
in contact with a  dilated vein.  The aqueduct  of  Sylvius is almost obliterated by 
neuroglia  and  the ependyma  shows  marked  proliferation. 
The experiments with India ink show that obstruction may occur 
at the  foramen of Magendie and at the  foramen of  Monro.  The 
third and  fourth ventricles, surrounded perhaps  by more resistant 
tissue, may exhibit no dilatation.  The same condition is  found in 
hydrocephalus in  man  where the dilatation  was  brought  about  by 
obstruction in the fourth ventricle or the aqueduct of Sylvius; the 
third ventricle may or may not be dilated. 
SUMMARY. 
Internal hydrocephalus can be produced experimentally by inject- 
ing a  foreign substance  into  the ventricles.  In these experiments, 
aleuronat,  a  granular,  insoluble  material,  has  caused  an  acute  in- 
flammatory reaction, characterized in the first week by an exudate 
consisting  largely of  polynuclear leucocytes.  Later  the  picture  is 
one of a chronic process; polynuclear cells are replaced by lymphoid 
and  large mononuclear cells  and there  is  proliferation of  the con- 
nective tissue in the choroid plexus.  Proliferation of the epcndyma 
occurs in the first week but becomes more advanced in  the second 
and third weeks, and there is increase in neuroglia more marked in 
the long continued experiments. Walter  S.  Thomas.  119 
Ordinarily  when  aleuronat  is  injected  into  a  serous  cavity,  the 
pleural  cavity,  for  example,  abundant  accumulation  of  fluid  takes 
place  in  twenty-four  to  forty-eight  hours,  and  at  the same  time 
polynuclear  leucocytes  collect.  In  the  experiments  in  which  the 
irritant  was  injected  into  the ventricle  of the brain  there  was little 
or  no  dilatation  apparent  in  the  first  week;  absence  of  dilatation 
in all probability is due to the  free outflow of the fluid.  When ob- 
struction occurs during  the chronic  stage of the inflammatory  proc- 
ess dilatation of the ventricle follows.  Choked disc and other symp- 
toms  of  increased  intracranial  pressure  accompany  experimental 
hydrocephalus. 
Dilatation  occurs  slowly and  reaches  a  maximum  in  about  two 
months.  In some of the experiments of longer duration  obstruction 
can be demonstrated  in gross or microscopically.  Obvious obstruc- 
tion  has  not been  found by gross  examination  in all  instances,  but 
in  the  experimems  in  which  India  ink  was  injected  into  the  ven- 
tricle before death  obstruction  to  outflow was very  readily  demon- 
strated.  The third  and  fourth ventricles were in all instances  filled 
with  the  pigment,  but  none  appeared  on  the  surface  of  the  brain, 
whereas  in  normal  dogs  the  entire  surface,  especially the base,  be- 
came deeply pigmented.  Obstruction  to the circulation  of cerebro- 
spinal fluid causing internal hydrocephalus may occur at the foranaen 
of  Monro,  in  the  aqueduct  of  Sylvius,  or,  .doubtless  with  greatest 
frequency, at the  foramen of Magendie. 
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EXPLANATION OF PLATES. 
PLATE I8. 
Fit. I.  Normal brain. 
FIG. z.  Dog 9, group III, showing dilatation of the lateral ventricles. 
Fios. 3 and 4.  Dogs  I6 and  x7,  group III, showing dilatation of  the lateral 
ventricles. 
PLATE X9. 
FIG. 5-  Dog 20, group IV, showing marked dilatation of the lateral ventricles 
with the septa dividing the right. 
FrG. 6.  Dog 38, group IV, showing dilatation of the right lateral ventricle. 
FI~. 7-  Dog 8, showing dilatation of both lateral ventricles and the presence 
of  the India ink in the left lateral and the third  ventricle and in the  aqueduct 
of Sylvius. 
Fla.  8.  Dog 42, showing dilatation  of the lateral  ventricles  and the India ink 
in the left lateral.  The photograph does  not show the ink in the third ventricle 
and the aqueduct of Sylvius; this was plainly seen in the specimen. 
PLATE 20. 
FIG. 9.  Dog  ro, group I5, showing the accumulation of lymphoid cells  about 
the blood vessels in the ventricular walls. 
FIG. Io.  Dog 9, group III, showing thickened choroid plexus. 
PLATE  2][. 
FIG. if.  Dog  9, group Ill, showing  proliferation  of the ependyma  in the 
aqueduct of Sylvius.  " 
FIo.  I2.  Dog I7, group III, showing proliferation of neuroglia in the wall of 
the lateral ventricle. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  XlX.  PLATE  18. 
FIG.  I,  FIG.  2. 
FIG.  3.  FIG.  4, 
Thomas:  Experimental Hydrocephalus. THE  JOURNAL OF  EXPERIMENTAL  MEDICINE VOL.  XlX.  PLATE  19. 
FIG.  5.  FIG.  6. 
FiG.  7  FIG.  8. 
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FIG.  9. 
FIG.  IO. 
(Thomas:  Experimental Hydrocephalus.) THE  JOURNAL  Or  EXPERIMENTAL  MEDICINE  VOL.  XlX.  PLATE 21. 
FIG.  I  I. 
FIG.  12. 
(Thomas:  Experimental Hydrocephalus.) 